Decabromodiphenyl ether (decaBDE) adversely affects reproduction and development. Our previous study showed that postnatal exposure to a low dose of decaBDE (0.025 mg/kg body weight/day) by subcutaneous injection on postnatal days (PNDs) 1 through 5 leads to reductions in testicular size and number of Sertoli cells and sperm, while higher dose of decaBDE (2.5 mg/kg body weight/day) had no significant differences about these. In the present study, we examined the molecular mechanism of these effects on mouse testes following postnatal exposure to a low decaBDE dose. We hypothesized that postnatal exposure to decaBDE may alter levels of serum thyroid hormones (THs) and testosterone, or the level of TH receptor alpha (Thra) transcripts and its splicing variants and androgen receptor (Ar) in Sertoli cells, adversely affecting spermatogenesis. To test this hypothesis, we examined serum TH and testosterone levels and the levels of transcripts of the Ar, Thra and its splicing variants, and Thra splicing factors (Hnrnpa1, Srsf1, and Hnrnph1) with qPCR in isolated mouse Sertoli cells exposed postnatally to decaBDE (0.025, 0.25, and 2.5 mg/kg). Levels of serum testosterone and transcripts encoding Ar, Thra, and its variant, Thra1, declined significantly in Sertoli cells of mice exposed to 0.025 mg decaBDE/kg. No significant differences in serum TH level or Thra2, Hnrnph1, or Srsf1 transcript levels were observed This is an open-access article, free of all copyright, and may be freely reproduced, distributed, transmitted, modified, built upon, or otherwise used by anyone for any lawful purpose. The work is made available under the Creative Commons CC0 public domain dedication.
Introduction
The polybrominated diphenyl ether (PBDE), decabromodiphenyl ether (decaBDE), is widely used as a flame retardant and is a common environmental pollutant. PBDEs have thyroid-disrupting effects due to structural similarities with thyroid hormones (THs) [1] [2] [3] . DecaBDE also reportedly disrupts TH levels in fish and rodents [4] [5] [6] [7] . Similar to other studies [8] [9] [10] , we previously showed that decaBDE exhibits male reproductive toxicity in mice. Postnatal exposure of mice to a low dose (0.025 mg/kg body weight) of decaBDE leads to reduced testicular weight, lower numbers of Sertoli cells and elongated spermatids, and reduced sperm count [11] . However, the detailed mechanism underlying these effects remains unclear.
Sertoli cells play a critical role in spermatogenesis by supporting germ cell differentiation in testicular seminiferous tubules through a number of hormones [12] . Several THs (thyroxine [T 4 ] and triiodothyronine [T 3 ], but especially T 3 ) play important roles in regulating Sertoli cell proliferation and maturation by binding to TH receptors (TRs) [13, 14] . Two isoforms in mice have been identified, TRa and TRb, which are encoded by the genes Thra and Thrb, respectively [15, 16] . Thra has three splicing variants (Thra1, Thra2, and Thra3), whereas Thrb has two splicing variants (Thrb1 and Thrb2) [17, 18] . Although Sertoli cells express the TRa isozymes encoded by Thra1, Thra2, and Thra3 and the TRb isozyme encoded by Thrb1, binding of the isozyme encoded by Thra1 to T 3 is necessary for normal maturation of Sertoli cells [13] . The androgen receptor (AR) is also expressed in Sertoli cells [19, 20] . In Sertoli cells, the AR functions in the maintenance of testicular development, thereby helping to guarantee male fertility [21, 22] . Similar to testosterone, exposure to T 3 reportedly increases the level of Ar transcripts in cultured Sertoli cells [23] .
Serine/arginine-rich splicing factor 1 (SRSF1) plays an important role in regulating alternative splicing by associating with heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1) [24, 25] . SRSF1 and HNRNPA1 have opposing actions in vivo [26] , with HNRNPA1 functioning as a repressor [27] . Thus, alterations in the SRSF1 to HNRNPA1 ratio affect the alternative splicing of genes [25] . SRSF1 and heterogeneous nuclear ribonucleoprotein H1 (HNRNPH1) reportedly regulate the splicing of Thra2 by binding to purine residues within a Thra2-specific 59 splicing site [28] . Thus, there appears to be an inverse correlation between the Hnrnpa1:Srsf1 and Thra1:Thra2 expression ratios [28] .
Based on the above data, we hypothesized that the molecular mechanism underlying the effects resulting from exposure of mice to low doses of decaBDE on postnatal days (PNDs) 1 through 5 involves changes in the normal levels of serum THs and testosterone or transcripts of Ar, Thra and its splicing variants in Sertoli cells, resulting in the disruption of spermatogenesis. To test this hypothesis, we examined serum TH and testosterone levels and the levels of transcripts encoding Ar, Thra and its splicing variants, and the levels of transcripts encoding the Thra2 splicing factors Hnrnpa1, Srsf1, and Hnrnph1 in Sertoli cells isolated from testes of mice exposed postnatally to decaBDE.
Materials and Methods

Ethics Statement
All experimental procedures were performed in accordance with the Chiba University Guide for the Care and Use of Laboratory Animals. The study and protocol were approved by the Ethics Committee of Chiba University, Graduate School of Medicine (Approval numbers: 26-91 and 25-141). Mice were sacrificed at 12 weeks of age (PND 84) by CO 2 euthanasia, after which whole blood and testes were collected.
Animals
Twelve-week-old ICR male (n512) and female (n512) mice were purchased from Japan SRL (Hamamatsu, Japan) and then mated. The pregnant dams were randomly divided into four groups. After birth, five male pups were selected from each litter. The mice were housed in a temperature-controlled room (24-26˚C) under a 12-h light/dark cycle. CLEA rodent chow CE2 (CLEA Japan Inc., Tokyo, Japan) and water were provided ad libitum.
Reagents
DecaBDE was purchased from Wako Pure Chemical Industries (Osaka, Japan). All other reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise indicated.
Administration of decaBDE
Mice were administered decaBDE at doses of 0.025, 0.25, or 2.5 mg/kg body weight/day by subcutaneous injection on PNDs 1 through 5, as previously described [11] . Control group mice were injected similarly with corn oil only.
Measurement of serum TH (T 3 , T 4 , free T 3 , and free T 4 ) and testosterone levels Blood samples were collected by cardiac puncture from control and decaBDEexposed mice. Serum was prepared by centrifugation of whole blood at 880 g for 20 min at room temperature. The levels of serum T 3 and T 4 were measured using rodent triiodothyronine and thyroxine ELISA test kits (Endocrine Technologies Inc., Newark, CA, USA), respectively, according to the manufacturer's instructions. Similarly, the levels of free T 3 (FT 3 ) and free T 4 (FT 4 ) in the serum were measured using free tri-iodothyronine indes and free thyroxine ELISA kits (Cusabio Biotech Co., Wuhan, PR China), respectively, according to the manufacturer's instructions. A rodent testosterone ELISA kit (Endocrine Technologies) was used to measure serum testosterone levels.
Establishment of primary Sertoli cell culture
Testes from control and decaBDE-exposed mice were resected and the tunica albuginea was removed. The seminiferous tubules were incubated at room temperature for 2 h with gentle agitation in Eagle's minimal essential medium (pH 7.2) (Sigma-Aldrich) containing 0.1% collagenase (Wako Pure Chemical Industries). The suspensions of the control and the decaBDE-exposed mice were removed from agitation and allowed to stand for 5 min to precipitate the seminiferous tubules. The supernatants were discarded and the seminiferous tubules were dispersed gently in PBS containing 1 mM EDTA and placed at room temperature for two-three minutes. The suspensions were centrifuged at 6006 g for 10 min, and the resulting supernatants were discarded. The tubules were then incubated with 0.25% trypsin (Sigma-Aldrich) for 10 min, after which each suspension was filtered through a nylon mesh (40 mm, Corning Inc., Corning, NY, USA) and centrifuged at 6006 g for 10 min. The supernatant was discarded and the tubules were washed once with PBS. The tubules were dispersed in Eagle's minimal essential medium (pH 7.2) containing 10% FBS (Gibco, Carlsbad, CA, USA) and 1% penicillin-streptomycin (Sigma-Aldrich), plated on collagen-coated culture dishes (Iwaki, Tokyo, Japan), and incubated at 32.5˚C in a 5% CO 2 atmosphere to allow for growth of Sertoli cells. After 2 h, the medium was replaced and the cells were continuously incubated at 32.5˚C in a 5% CO 2 atmosphere. After 1 week, the Sertoli cells were collected and stored at 280˚C until used.
RNA extraction and real-time PCR (qPCR)
Total RNA was extracted from isolated Sertoli cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Reverse-transcription of RNA for real-time PCR was performed with a QuantiTect Reverse Transcription kit (Qiagen, Valencia, CA, USA), according to the manufacturer's protocol. A DNA Engine Opticon (MJ Research Inc, Cambridge, MA, USA) and SYBR Green Real-time PCR Master Mix (Toyobo, Osaka, Japan) were used for real-time PCR, according to the manufacturers' instructions. The primer sequences used for qPCR are shown in Table 1 . Briefly, the thermocycling program consisted of one cycle at 95˚C for 1 min, 40 cycles of denaturation at 95˚C for 15 s, and annealing plus elongation for 1 min at 49.9˚C for Thra, 68.2˚C for Thra1, 66.5˚C for Thra2, 68.2˚C for Ar, 68.2˚C for Hnrnpa1, 68.2˚C for Srsf1, 54.0˚C for Hnrnph1, or 68.2˚C for beta-actin (Actb). The level of each mRNA transcript was normalized to that of Actb as an internal control.
Statistical analysis
Results were evaluated for statistical significance using one-way ANOVA followed by Dunnett's test. All values are expressed as the mean and standard deviation (SD). A P value ,0.05 was considered to indicate a significant difference.
Results
No significant changes were detected in serum TH levels between control and decaBDE-exposed groups
To determine whether postnatal exposure to decaBDE disrupts normal TH levels, we measured the concentrations of serum T 3 , T 4 , FT 3 , and FT 4 by ELISA. Although the serum levels of T 3 and T 4 tended to increase in a dose-dependent manner, no significant difference was observed between the control and decaBDEexposed mice (Fig. 1A, B) . In addition, no significant changes in the levels of serum FT 3 and FT 4 were observed between the control and decaBDE-exposed mice (Fig. 1C, D) .
Serum testosterone levels were decreased in the 0.025 and 0.25 mg/kg exposed-groups
The effect of postnatal exposure to decaBDE on serum testosterone levels was evaluated by ELISA. Serum testosterone levels were significantly lower in mice exposed to decaBDE at 0.025 and 0.25 mg/kg than in the controls (Fig. 2) . There was no significant difference in testosterone level between the control mice and mice exposed to decaBDE at 2.5 mg/kg. Expression levels of Thra and its splicing variant (Thra1) were reduced in isolated Sertoli cells of mice exposed to 0.025 mg decaBDE/kg
We confirmed that THRA is expressed in Sertoli cells (Fig. S1) . Other studies have shown that transcripts of Thra1 and Thra2 are also expressed in Sertoli cells [29] . The effect of postnatal exposure to decaBDE on expression of the Thra gene and its splicing variants (Thra1 and Thra2) in Sertoli cells was evaluated by determining the levels of respective transcripts using qPCR with cDNAs obtained from isolated Sertoli cells. The level of Thra transcripts was significantly lower in mice exposed to decaBDE at 0.025 mg/kg than in controls (Fig. 3A) , whereas no significant differences were observed at higher decaBDE doses. The level of Thra1 transcripts was significantly lower in mice exposed to decaBDE at 0.025 mg/kg, whereas no significant differences were observed at higher decaBDE doses (Fig. 3B) . The level of Thra2 transcripts was slightly higher in decaBDE-exposed mice compared with controls; however, the differences were not significant (Fig. 3C ).
Transcript levels of Ar were decreased in isolated Sertoli cells of mice exposed to 0.025 mg decaBDE/kg
As T 3 reportedly upregulates transcription of Ar in Sertoli cells in vitro [23] , we measured the level of Ar transcripts to assess the effect of decaBDE exposure on expression of this gene. Interestingly, the level of Ar transcripts in isolated Sertoli cells exposed to decaBDE at 0.025 mg/kg was significantly lower than in controls (Fig. 3D) . Although the level of Ar transcripts increased slightly in mice exposed to decaBDE at 0.25 and 2.5 mg/kg, the differences were not significant between the control and the dose groups. Figure 2 . Serum testosterone levels in control and decaBDE-exposed mice. Testosterone levels in the serum of control and decaBDE-exposed mice were measured by ELISA. Each value is the mean ¡ SD of 6 samples per group. *P,0.05 compared with the control. Expression levels of Hnrnpa1 and Srsf1 were increased in isolated Sertoli cells of mice exposed to 0.25 mg decaBDE/kg
We confirmed that the Thra2 splicing factors HNRNPA1, SRSF1, and HNRNPH1 were expressed in Sertoli cells (Fig. S2 ) and thus were available to mediate splicing of the Thra gene. The effect of postnatal exposure to decaBDE on regulation of Thra splicing in isolated Sertoli cells was evaluated by measuring the levels of Hnrnpa1and Srsf1 transcripts. The levels of Hnrnpa1 and Srsf1 transcripts were significantly higher in mice exposed to decaBDE at 0.25 mg/kg than in the controls (Fig. 4A, B) . No significant differences in the levels of Hnrnpa1and Srsf1 transcripts were observed at lower and higher decaBDE dose groups (Fig. 4A, B ). Exposure to decaBDE had no effect on Hnrnph1 expression between the control and dose groups (Fig. 4C) . Expression ratios of Thra1:Thra2 and Hnrnpa1:Srsf1 were oppositely altered in isolated Sertoli cells of mice exposed to 0.025 mg decaBDE/kg
The Thra1:Thra2 expression ratio was significantly lower in Sertoli cells of mice exposed to decaBDE at 0.025 mg/kg than in controls (Fig. 4D) , whereas no significant differences were observed at higher decaBDE dose groups (Fig. 4D) . The Hnrnpa1:Srsf1 expression ratio was significantly higher in Sertoli cells of mice exposed to 0.025 mg decaBDE/kg than in controls (Fig. 4E) , whereas no significant differences were observed at higher decaBDE dose groups. Thus, exposure to a low (0.025 mg/kg) dose of decaBDE had opposite effects on the Thra1:Thra2 and Hnrnpa1:Srsf1 expression ratios in isolated Sertoli cells.
Discussion
Our previous study reported that early postnatal exposure to a low dose (0.025 mg/kg) of decaBDE has adverse effects in male mice: reduced testicular weight, lower numbers of Sertoli cells and elongated spermatids, and reduced sperm count [11] . However, these changes were not observed in the high dose (2.5 mg/kg) decaBDE-exposed group. These findings suggest that different mechanism may be involved following postnatal exposure to low and high doses of decaBDE.
Although we hypothesized that postnatal exposure to decaBDE may disrupt normal serum TH levels due to similarities in chemical structure [1] [2] [3] , we found that postnatal exposure to decaBDE from PND 1 through 5 had no impact on serum TH levels (Fig. 1) . In mice, development of the thyroid glands begins 8.5-10 days postconception appears 17.5 days postconception [30, 31] . The period of decaBDE administration in this study did not encompass the window of thyroid gland development, which could explain why we observed no effect on serum TH levels.
In contrast to serum THs, exposure to decaBDE at 0.025 or 0.25 mg/kg resulted in a significant reduction in serum testosterone levels (Fig. 2) . This finding is consistent with that of another study [9] involving a different decaBDE dose. In addition, the level of Ar transcripts in isolated Sertoli cells declined significantly following exposure to decaBDE 0.025 mg/kg (Fig. 3E) . Testosterone is important for normal spermatogenesis and development of male reproductive organs, acting on target cells via the AR [32, 33] . The phenotype of Sertoli cell-specific Ar genedeletion mice includes smaller testicular size and no other male reproductive organs (seminal vesicles, prostate, or epididymis) [21] . A previous study showed reduced testicular weight and reduced numbers of Sertoli cells, elongated spermatids, and sperm in mice exposed postnatally to decaBDE at 0.025 mg/kg but no such effects in mice exposed to decaBDE at 0.25 or 2.5 mg/kg [11] . Although we did not examine steroidogenesis or Leydig cell function in the present study, the observed decreases in the levels of serum testosterone and Ar transcripts in Sertoli cells could cause reductions in testicular size and number of sperm in mice dosed postnatally with decaBDE at 0.025 mg/kg. Further studies are necessary to elucidate the mechanism underlying the observed reductions in testosterone and Ar transcript levels following postnatal exposure to decaBDE at 0.025 mg/kg.
We found that the levels of Thra and Thra1 transcripts in isolated Sertoli cells (Fig. 3A, B) decreased significantly following exposure to decaBDE at 0.025 mg/kg. However, the exposure to decaBDE at 0.025 mg/kg had no significant effect on the levels of Thra2, Hnrnph1, or Srsf1 transcripts in isolated Sertoli cells (Fig. 3C and Fig. 4B, C) . These findings suggest that postnatal exposure to decaBDE on PNDs 1 through 5 has no impact on Thra2 splicing. At present, we cannot explain the mechanism underlying the down-regulation of Thra and Thra1 expression induced by exposure to the lower dose of decaBDE. It is possible that the Thra1 and Thra2 splicing processes differ. In mice, Sertoli cells develop in the fetal period and end by PND 15 [34, 35] . As the administration period of this study encompassed PNDs 1 through 5, the decaBDE likely affected the development of Sertoli cells, including the splicing process of Thra variants. Moreover, both THRA and AR are members of the nuclear receptor superfamily and are known to be expressed in Sertoli cells [36] . The present study found that expression of the Thra and Ar genes decreased significantly following exposure to decaBDE at 0.025 mg/kg. Although some studies have examined the effect of THs on expression of Thra and Ar genes [23, 37] , there are no studies have examined the functional relationship between THRA and AR in Sertoli cells. Further research is needed to elucidate the detail mechanism following early postnatal exposure to decaBDE at 0.025 mg/kg on down-regulation of Thra and Ar genes in Sertoli cells.
Exposure to decaBDE at 0.025 mg/kg disturbed the normal Thra1:Thra2 and Hnrnpa1:Srsf1 expression ratios in isolated Sertoli cells, whereas exposure to higher doses had no significant effect (Fig. 4D, E) . Moreover, exposure to the low dose of decaBDE had opposite effects on the Thra1:Thra2 and Hnrnpa1:Srsf1 expression ratios in isolated Sertoli cells, consistent with the results of other studies [28, 38] . The Thra1:Thra2 expression ratio varies based on the tissue or cell type and is affected by changes in physiological conditions, such as may result from fasting [38] [39] [40] . Our study is the first to demonstrate that chemical exposure may also cause imbalances in the normal Thra1:Thra2 and Hnrnpa1:Srsf1 expression ratios, suggesting that these ratios may be useful as markers of drugassociated toxicity.
In conclusion, we found that postnatal exposure to a low concentration (0.025 mg/kg) of decaBDE results in significant reductions in the levels of serum testosterone and transcripts of Ar, Thra, and its variant, Thra1 in isolated Sertoli cells (Fig. 5) . The same dose leads to significant alterations in the normal Thra1:Thra2 and Hnrnpa1:Srsf1 expression ratios, whereas higher decaBDE doses of 0.25 and 2.5 mg/kg have no significant effect on these ratios. Our results suggest that the above-mentioned changes resulting from postnatal exposure to a low dose of decaBDE on PNDs 1 through 5 are sufficient to cause reduced testicular size and reduced numbers of Sertoli cells and sperm. Further research is necessary to more fully elucidate the detailed mechanism(s) of the toxicity associated with exposure to low decaBDE doses between PND 1 and 5 in both Ledydig and Sertoli cells. 
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